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Mesons, Baryons, and Beyond?

1964: Gell-Mann & Zweig postulate Constituent Quark Model (COM) —
» Explained all known mesonic and baryonic states

» Predicted others that were subsequently confirmed experimentally

CQOM = Quarks form two types of bound states:

Mesons Baryons

O 0¢
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Mesons, Baryons, and Beyond?

1964: Gell-Mann & Zweig postulate Constituent Quark Model (COM) —
» Explained all known mesonic and baryonic states

» Predicted others that were subsequently confirmed experimentally

CQOM = Quarks form two types of bound states:

Mesons Baryons

@ @ @ Only colorless
combinations

allowed

What about other combinations in bound states?
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Mesons, Baryons, and Beyond?

No theoretical reason to exclude other types of (colorless) bound quark state

e.g.

Meson molecule

« Loosely bound

* Pion exchange @ large distances

« Some color exchange @ short distances

» Predicted to decay like pair of free mesons
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Mesons, Baryons, and Beyond?

No theoretical reason to exclude other types of (colorless) bound quark state

e.g.
Meson molecule Tetraquark

 Tightly bound

e Some models group into
diquark-antidiquark pairs
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Mesons, Baryons, and Beyond?

No theoretical reason to exclude other types of (colorless) bound quark state

e.g.

Meson molecule Tetraquark Quark-gluon hybrid

« Extra gluonic degree-of-
freedom
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Mesons, Baryons, and Beyond?

No theoretical reason to exclude other types of (colorless) bound quark state

e.g.

Meson molecule Tetraquark Quark-gluon hybrid

But... until recently, no definitive experimental evidence for any such states
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Charmonium

Exotic multi-quark states have been long predicted in the light quark sector

e.g. f,(980) and a,(980) candidates for KK molecules

But... Difficult to differentiate from conventional states — 3 light quarks, isospin
symmetry, broad resonances, dense spectrum of predicted mesons.
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Charmonium

Exotic multi-quark states have been long predicted in the light quark sector
e.g. ,(980) and a,(980) candidates for KK molecules

But... Difficult to differentiate from conventional states — 3 light quarks, isospin
symmetry, broad resonances, dense spectrum of predicted mesons.

Charmonium (cc ) states have well-predicted conventional spectrum, and distinct
properties:

« Zero charge, zero strangeness

» Constrained decay channels

» Easier to differentiate from exotic states e Q

Exotic charmonium states can be charged (ccud), @
strange (ccds) or both (ccus)
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Charmonium

States defined by radial, spin,
orbital, and total angular
momentum quantum numbers

Spectrum well described by QCD
quark-potential models

Later discoveries (n',, h,, ¥',) agree
with predictions

Charmonium Mesons
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Charmonium

States defined by radial, spin,
orbital, and total angular
momentum quantum numbers

4500

4000

Spectrum well described by QCD
quark-potential models

>
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Later discoveries (', h, ¥'.,) agree
with predictions

3000

28+1(|_)J
‘Open charm’ thresholds important
for cc decays (i.e. DD,DD*,D*D¥*)

= M(DD) = 3730 MeV-
charmonium states above this mass
decay mainly to DD pairs.
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y(4160)
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M(DD) =
3730 MeV
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Spin-orbit
excitations

12



First Hint: X(3872)

X(3872)—Jhyr*n~ observed by Belle in 2003 in
decays B——X(3872)K"

Confirmed soon after by CDF, DO, BaBar W, Gevich

Candidates / 10 MeV/c 2

Candidates / 10 MeVic

3.88 3.9 3.92
M(J/ vy nrt) (GeV)

Jiyan: p, > 6 GeVic, |n| < 0.6
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Number of candidates / (2.5 MeV)

800 1000 1200 1400
M d/y) - M(J/y) [MeV]
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First Hint: X(3872)

X(3872)—Jhyr*n~ observed by Belle in 2003 in
decays B——X(3872)K"

Candidates / 10 MeV/c 2

andidates / 10 MeVic 2

C

Why can’t this be conventional charmonium?

3.9 3.92
M(J/ vy nrt) (GeV)

1) Detailed analysis implies dipion is from decay
p—7n, but cc—pJd/y violates isospin

Jiyan: p, > 6 GeVic, |n| < 0.6

-
o
o
o
o

2) Quantum numbers (determined by LHCDb,
2013) are JPC = 1**, but neither of the
corresponding charmonium states should
decay to J/ynn
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The X(3872) very close (=1 MeV) to D°D*®
threshold = likely explanation is a meson
molecule, with some cc component.

Number of candidates / (2.5 MeV)

1 +NH*
No charged equivalent (D*D*) has been observed pcemr2™ PRI 110 222001 (2013

m| arxiv:1302:6269
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More Surprises
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After the X(3872) discovery, many
unexpected resonances observed, inconsistent

with expected charmonium spectrum

100 %(3940) V

Some states subsequently adopted into
existing cC scheme, others remain a mystery
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More Surprises

After the X(3872) discovery, many
unexpected resonances observed, inconsistent
with expected charmonium spectrum
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100 %(3940) V

Some states subsequently adopted into
existing cC scheme, others remain a mystery

Belle, PRL 100 202001 (2008)

X (4160)

N/50 MeV/c?
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More Surprises

After the X(3872) discovery, many
unexpected resonances observed, inconsistent
with expected charmonium spectrum

o~
L
>
Q
=
o
o
=z

100 %(3940) V

Some states subsequently adopted into
existing cC scheme, others remain a mystery

Belle, PRL 100 202001 (2008)

X (4160)

Events / 20 MeV/c?
N/50 MeV/c?

m(m T IAy) (GeV/c?)
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More Surprises

After the X(3872) discovery, many
unexpected resonances observed, inconsistent
with expected charmonium spectrum

N/20 MeV/c?

Some states subsequently adopted into
existing cC scheme, others remain a mystery
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More Surprises

After the X(3872) discovery, many
unexpected resonances observed, inconsistent

N/20 MeV/c?

Dl =4
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X(3940) U
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n.(2s) X(3940)

with expected charmonium spectrum

Some states subsequently adopted into
existing cC scheme, others remain a mystery
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More Surprises

E=m

C X(3900):
_ Charged!!

Events / 0.01 GeV/c?

3.7 3.8 3.9

—4— Data
—— Total fit
---- Background fit

- .= PHSP MC
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More Surprises

100

80

60

40

Events / 0.01 GeV/c?

State

m [Mel)

I (MeV) J7¢

Process {mode)

Experiment (#e)

Year Status

Events / 20 Me\

X(3872)

X(3015)
X (3940)

G(3900)
¥ (4008)
Z,(4050)*
Y (4140)
X (4160)
Z2(4250)*
Y (4260)

JETL.680.17

30174427
304242

3043 + 21
qppa*tat

“um 45
4051324
414344 3.0

4156329

-0

12481158

“em 40

4263+

42744353

4350622
4361 + 13
444333

4634* 5

< 1.2

28ty

3T

52411
26407
SR

15+

130+ 118
177432

95414

32422 ™
13.32184 o+
Td4+18 1==
1074128 ?

92+5 1==

1++f2—+

B = K(a*s=J/y)
pp = (w¥a=0f0) + ..
B o= K (wt )

B = K (DO

B -+ K (1J/¥)

B = K (y(25))

P = I[rr"'?r'Jl.l"L":I + ...
B = K (wJfy)

ete™ o ete” (wrd fi)
ete™ o T (DD
ete™ = i)
ete™ = (D)

ete™ ":rl:?il'.:I'I'-JIl'rl,'.'-'}
B = K (ntya(157)
B = K (@)

ete™ = Sl (DD*)
B = K [:rr+},¢L|[lf’:|]|

ete™ o (= J )

ete™ = l:?.'"'rr_.flfi,-.'::l
ete™ = I:?.'“?:“J_,i't.:::l

B = K (¢J/d)

ete™ o ete” (oY)

ete™ o 'jr I:?E+IF-E{ES:|::I

B K (x*(25))

ete™ =y (AFAD)

Belle [36, 37] (12.8), BABAR [38] (8.6)

CDF [39—41] (np), DE [42] (5.2)
Belle [43] (4.3), BABAR [23] (4.0)
Belle [44, 45] (6.4), BABAR [46] (4.9)
Belle [47] (4.0), BABAR [48, 49] (3.6)
BABAR [49] (3.5), Belle [47)] (0.4)
LHCH [50] (np)

Belle [51] (8.1)., BABAR [52] (19)
Belle [53] (7.7), BABAR [23] (np)
Belle [54] (6.0)

Belle [20] (5.0)

BABAR [55] (np), Belle [56] (np)
Belle [57] (T.4)

Belle [58] (5.0), BABAR [50] (1.1)
CDF [60, 61] (5.0)

Belle [34] (5.5)

Belle [58] (5.0), BABAR [50] (2.0)
BABAR [62, 63] (8.0)

CLEOQ [64] (5.4), Belle [37] (15)
CLEO [65] (11)

CLEO [65] (5.1)

CDF [61] (3.1)

Belle [66] (3.2)

BABAR [67] (np), Belle [68] (8.0)
Belle [69, T0] (6.4), BABAR [T1] (2.4)
Belle [72] (8.2)

Ok

NCI
NCI

466412 48415 ete™ = y(wFa" g (25)) Belle [68] (5.8) NI

Mark Williams, Fern arxiv:1205.4189 (June 2012)



http://arxiv.org/abs/1205.4189

Current Status

Proliferation of ‘charmonium-like’ resonances presents challenges

» Too many states for charmonium spectrum, & disagreement with predicted masses,
widths, decay rates

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Current Status

Proliferation of ‘charmonium-like’ resonances presents challenges

» Too many states for charmonium spectrum, & disagreement with predicted masses,
widths, decay rates

« Can be threshold effects, interference (of known and as-yet-unknown states),
experimental artifacts (reflections, acceptance effects...)

« Some states in experimental limbo — seen by some, not by others

« Multiple possible models for most states (cc, molecule, tetraquark, hybrid)

Even the X(3872) iIs not understood, ten years after discovery, with quantum numbers
confirmed, and with many thousand events seen by multiple experiments

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Current Status

Proliferation of ‘charmonium-like’ resonances presents challenges

» Too many states for charmonium spectrum, & disagreement with predicted masses,
widths, decay rates

« Can be threshold effects, interference (of known and as-yet-unknown states),
experimental artifacts (reflections, acceptance effects...)

« Some states in experimental limbo — seen by some, not by others

« Multiple possible models for most states (cc, molecule, tetraquark, hybrid)

= We need more data!
Observe zoo of mesons/baryons — Gell-Mann/Zweig develop COM

Observe, confirm, and study as many exotic states as possible — develop more complete
model of bound quark states.

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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X (4140)

March 2009: CDF report evidence for narrow
peak in Jhpo spectrum, close to threshold, in

decays B*—J/pyoK*
PRL 102 242002 (2009)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

X (4140)
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AM (GeV/c?)
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X (4140)

March 2009: CDF report evidence for narrow X (4140)
peak in Jhpo spectrum, close to threshold, in
decays B*—J/pyoK*

PRL 102 242002 (2009)

Interpretation:

14 1.5
Mass well above 3730 MeV open charm threshold AM (GeV/c?)

— conventional charmonium should decay into
(DD), with tiny BR to J/yo

Hidden charm: C

/ “ID OZI suppressed / =
C - C > %OA //
Open charm Gd S c < Jhy

_—

\ 5
Hadrons

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 & g P— KK 29
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X (4140)

March 2009: CDF report evidence for narrow 8 X (4140)
peak in Jhpo spectrum, close to threshold, in

decays B*—J/pyoK*
PRL 102 242002 (2009)

| il
Interpretation: hﬁﬂliﬂl““l‘

14 1.5
X(4140) — Jyp = C-parity = +1 AM (GeVic?)

_ Ott 1+t 2++ 0 =t D w1 S
— Possible states: T ,
! |
S-wave coupling P-wave coupling

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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X (4140)

March 2009: CDF report evidence for narrow
peak in Jhpo spectrum, close to threshold, in
decays B*—J/poK*

August 2009: Belle search for this state in
same channel — see no X(4140) signal

Set limit on production rate, but cannot
exclude CDF peak

Lepton-photon 2009 (e.g. arXiv:0910.3138)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

X (4140)
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AM (GeVic?)
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X (4140)

March 2009: CDF report evidence for narrow
peak in Jhpo spectrum, close to threshold, in
decays B*—J/poK*

August 2009: Belle search for this state in
same channel — see no X(4140) signal

™

O
e
=

0]
=
(p]
N
~

72]
2
=

c
L

December 2009: Belle search for direct
production yy—J/wye, allowed if X(4140) is
0** or 2**

No X(4140) signal — disfavors D.*D.* meson
molecule interpretation

But... see 3.26 excess at 4350 MeV
PRL 104 112004 (2010)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

X(4140)

I/ |l o [
T LLk h%::llﬁ.iﬁl

42 44 46
M(oJhy) (GeV/c?

|
@ | =, | m

4.8
)
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X (4140)

March 2009: CDF report evidence for narrow b 10
peak in Jhpo spectrum, close to threshold, in > 2
decays B*—J/poK* E 7

6
August 2009: Belle search for this state in ; j
same channel — see no X(4140) signal 5 3

T 2

T 1
December 2009: Belle search for direct © 0 55
production yy—J/ye, allowed if X(4140) is m(uwK K )-m(u*p) GeVic?
O++ OI' 2++

CDF also see 3¢ evidence for higher

January 2011: CDF update analysis with mass peak, but inconsistent with Belle
larger dataset: observe X(4140) with 5o mass
significance

arXiv:1101.6058
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X (4140)

March 2009: CDF report evidence for narrow
peak in Jhpo spectrum, close to threshold, in a .
decays B*—J/woK* 8 B> JIyo K
August 2009: Belle search for this state in
same channel — see no X(4140) signal

>
Q
=
<t
—
()]
O
et
)
e
©
c
©
O

Deceml_aer 2009: Belle search f_or direct _ ; 00 100 200 390 7200
production yy—J/ye, allowed if X(4140) is M(J/yo)-M(J/y) [MeV]
O++ OI' 2++

January 2011: CDF update analysis with
larger dataset: observe X(4140) with 5¢
significance

February 2012: LHCb search in
B*—J/yweK™* channel, see no X(4140) peak,
set limit at 2.4¢ tension with CDF.

PRD 85 091103(R) (2012)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 34



X (4140)

Is X(4140) real?
If so, what is it?

Multiple interpretations (conventional
cc, DD molecule, ctqq tetraquark,
hybrid state, threshold effect...), none
convincing yet.

Need additional data to resolve the
X(4140) puzzle

Today: Search results from DO and
CMS

=
<]
c
LD
<]
o0
c
S
=
=
]
]
-
£
3
(8]

Experimental status in the search for X(4140) and additional structures
Significance: 0 <36 B 34 B s

stat.

DO ?

CDF arXiv:1101.6058 .

4.25 4.3 4.35
Invariant mass [GeV]

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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The DO Detector

Strengths for this analysis: DO Detector in=0

3|
1

Muon Chambers !

Shielding |

« Wide muon system coverage

Muon Scintillators

 Thick shielding before muon
system, suppresses backgrounds

|
\  Calorimeter

\_ \_ /i

« Efficient muon triggers

« Good Impact Parameter e ere—
resolution | |

But... no /K separation: need care to
avoid pion backgrounds in puKKK
final state

Use full 10.4 fb! dataset of pp collisions

Collect sample with single and dimuon
triggers

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 36



Search Strategy —: %

1) Establish B* —»J/hyeK* signal
» Cut-based analysis : avoids possible kinematic shaping
» Use B* sideband data to model background behavior

» Use B* -»J/yeK* Monte Carlo simulation (3-body phase space decay) to
model signal

» Search for and veto any known or unknown resonances in J/y X system
(X =1,2,3 tracks)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 37



Search Strategy

1) Establish B* —»J/hyeK* signal
» Cut-based analysis : avoids possible kinematic shaping
« Use B* sideband data to model background behavior

» Use B* -»J/yeK* Monte Carlo simulation (3-body phase space decay) to
model signal

« Search for and veto any known or unknown resonances in J/y X system
(X =1,2,3 tracks)

2) After finalizing selection, search for intermediate X—J/Ay¢ decay
* Define search window for X(4140) state: <4200 MeV

* Fit M(J/yo) to establish significance, mass, width, and yield of any
possible signal

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 38



Event Selection

1) Require two muons of opposite charge

» Mass consistent with Jhy—pp.:
2.9 < M(pp) < 3.3 GeV

« Trajectories consistent with a common vertex

* >1 muon must have hits on both sides of toroid

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Event Selection

1) Require two muons of opposite charge

2) Require two tracks of opposite charge
» Assigned the charged kaon mass

« Mass consistent with g—KK:
1.005 < M(KK) < 1.035 GeV

(Narrow state — helps BG rejection)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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K+ K

Jy

40



Event Selection

1) Require two muons of opposite charge
2) Require two tracks of opposite charge

3) Combine with additional track
» Assigned the charged kaon mass

» 5-track system constrained to a common vertex:
v? < 20/6 d.o.f.

« 31 kaon must have >3 silicon hits

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Event Selection

1) Require two muons of opposite charge

2) Require two tracks of opposite charge

3) Combine with additional track || R+

Jhy

4) Reconstruct B* candidate e

e Mass consistent with B meson:
5.23 < M(JIWKKK) < 5.33 GeV

(with M(pp) = MPPC(J/y))

Ts

« Transverse momentum 7 < p+(B*) < 30 GeV K+ K~
* Transverse decay length L, (B) > 250um
(suppresses prompt J/y background) K* P

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 42



Event Selection

1) Require two muons of opposite charge

2) Require two tracks of opposite charge

3) Combine with additional track || R+

Jy

4) Reconstruct B* candidate ~

5) Apply cuts to remove physics backgrounds
* \eto B—y(2S) + X events

L
* Remove events with M(J/yo) > 4.59 GeV

K+ K

More later ...

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 43



Event Selection

1) Require two muons of opposite charge

2) Require two tracks of opposite charge

3) Combine with additional track || R+

Jy

4) Reconstruct B* candidate ~

5) Apply cuts to remove physics backgrounds

Ts

6) Choose best single candidate per event

» Pick candidate with lowest M(¢—KK) K+ K-
» 95% efficient for signal 0
» Possible sampling bias tested/corrected in MC K*

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 44



Chasing B* — J/woK* Signal

DGRunll, 10.4 b 4 Data

‘]/\Il I — Full Fit

Total of 1269 events pass all selections

-t
o
(=)

Very high Jhy purity in signal sample
(~90%)

 N(J/y)=1124 £ 70 events

Events /10 MeV

» Excellent muon triggers and ID

X
DO Runll, 10.4 fb_+_ Data

Clear narrow ¢—K*K™ peak above
— Full Fit

combinatorial background

* N(op) =284 + 40 events

Events / 4 MeV

102 1.047706
M(K'K) (GeV)
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B* —J/yeK peak observed above a + Data
— Full Fit

smooth combinatorial background

Binned maximum likelihood fit used to
extract signal

» (Gaussian signal model

> Width fixed to 18 MeV from

simulation
5.3 5.4
~ Consistent results obtained with M(J/vK'K'K") (GeV)
free width
* Quadratic background model N(B*) = 215 + 37 events

M(B*) = 5277.8 + 3.3 MeV

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 46



B* —J/yeK peak observed above a + Data
— Full Fit

smooth combinatorial background

Binned maximum likelihood fit used to
extract signal

» (Gaussian signal model

> Width fixed to 18 MeV from

simulation
5.3 5.4
~ Consistent results obtained with M(J/vK'K'K") (GeV)
free width
* Quadratic background model N(B*) = 215 + 37 events

M(B*) = 5277.8 + 3.3 MeV

B* signal established — Can now search for intermediate J/y@ resonances

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 47



Peaking Backgrounds =

No particle ID to distinguish K/z

— Need to check for any peaking background from J/y X resonances
(X =1, 2, or 3 tracks)

» Resonance in any sub-system may create an enhancement in the M(J/yo) or
M(JI/poK) distributions

 ldentifying and removing resonances will reduce backgrounds

* Finding a resonance and fitting its mass validates the mass scale and momentum
resolution

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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. o T e
Peaking Backgrounds: Jhy ta~ & *

Expect contribution
from:

b — y(2S) X

|—> Jhy Tt

300FDg Run 11, 10.4 b
+ Data

— Full Fit

B* — w(2S) K* /n* /| Kox* / ...
B® — y(2S) n*n~ / Kta~

>
(]
=
o
Ly
/2]
et
c
()]
>
LU

B0 — w(2S) K*K-

3.6 3.8
M(J/yr*n’) (GeV)
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Peaking Backgrounds: J/y n*n~ Z *

Expect contribution
from:
b — y(2S) X

|—> Jhy Tt

« Make all combinations of J/y + 2 tracks
(of the 3 tracks forming the pK
candidate)

>
(]
=
o
Ly
/2]
et
c
()]
>
LU

» Assign the charged pion mass to these
tracks and examine M(J/yr*n")

» y(2S) signal observed, mass and width
consistent with expectations

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

300FDg Run 11, 10.4 b

+ Data
— Full Fit

3.6 3.8
M(J/yr*n’) (GeV)

M[w(2S)] = 3685.5 + 2.4 MeV

(PDG: 3686.1 MeV)
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- Y /‘_N
Peaking Backgrounds: Jhy ta~ & *

Expect contribution

from:
b= w(25) X 3007pg Run I, 10.4 fb"
L. Iy > +Data

= —Full Fit
o
Aag

w(2S) Veto: ..2

Remove all events with any of the three g

Jly + 2 track combinations in range: -

3661 < M(J/\|ITC+7T_) < 3711 MeV 3.6 ‘ 3.8

(£2.5¢ from Monte Carlo simulation) M(J/yn*) (GeV)

M[y(2S)] = 3685.5 + 2.4 MeV
No other resonances seen in the data (PDG: 3686.1 MeV)
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Peaking Backgrounds: J/vy n*, K, atn*n~

No structures observed in one- or three-
track combinations

Overall shape governed by kinematic
constraints, but no additional peaking
behavior

Jhy + 3 track combinations

w
o
o

N
o
o

-
o
o

>
Q
=
<
o
N
-~
(72
]
c
(<)
>
Ll

4.5
M(J/ynnn) (GeV)

Jhy + 1 track combinations
150F D@ Run II, 10.4 fb™

Events /20 MeV

4 36 38 4
M(J/yr) (GeV)

200F D@ Run II, 10.4 fb™

Events /20 MeV

3.8 4 4.2
M(J/yK) (GeV)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Searching for X—J/y@

Strategy 1:

Plot M(J/yo) for events in B* signal and sideband regions
» Simple approach, but limited by backgrounds

e Sidebands: [5.15—5.23 || 5.33—5.45] GeV

+- Signal Region
— Sideband Region

42 43 44 4.5
M(J/vK'K) (GeV)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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= Y /‘_‘
Searching for X—J/y¢ 4 ,*

Strategy 1:
Plot M(J/yo) for events in B* signal and sideband regions
» Simple approach, but limited by backgrounds

e Sidebands: [5.15—5.23 || 5.33—5.45] GeV
Sideband-subtracted distribution

+- Signal Region
— Sideband Region

42 43_ 44 45 42 4344 45
M(J/yK*K) (GeV) M(J/yK*K) (GeV)
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= Y /‘_‘
Searching for X—J/y¢ 4 ,*

Strategy 1:
Plot M(J/yo) for events in B* signal and sideband regions
» Simple approach, but limited by backgrounds

e Sidebands: [5.15—5.23 || 5.33—5.45] GeV
Sideband-subtracted distribution

Distribution inconsistent with smooth 80 bg Run Il, 10.4 fb™
model expected from 3-body phase
space

Two clear regions with excess B* events:

» Narrow peak near threshold (~4150
MeV)

e Broader excess around 4350 MeV

42 43 44 45
M(J/vK*K) (GeV)
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- Y /‘1
Searching for X—J/y¢ ok

Strategy 1:
Plot M(J/yo) for events in B* signal and sideband regions
» Simple approach, but limited by backgrounds

e Sidebands: [5.15—5.23 || 5.33—5.45] GeV
Sideband-subtracted distribution

In search region M(J/yo) < 4.20 Gev: X(4140)
search

« 80 events region

» p-value of BG fluctuation: 8 x 104

(using ensemble of pseudo-experiments)

42 43 44 45
M(J/yK'K)) (GeV)
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DR P
A Better Way... J*

Previous method doesn’t make the most of our knowledge:

« Real B* — X(4140) K* events will have peak in M(J/i\WwKKK), of known width
and position.

» By grouping samples into just two regions (signal, sidebands), we dilute the
power of this information
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A
.

A Better Way... s

Previous method doesn’t make the most of our knowledge:

« Real B* — X(4140) K* events will have peak in M(J/\WwKKK), of known width
and position.

» By grouping samples into just two regions (signal, sidebands), we dilute the
power of this information

So... Strategy 2:

Divide sample into bins in M(J/yo), and fit M(J/AwKKK) to extract B* yield in each
bin:

» Use MC to fix width of B* peak (17 — 20 MeV, bin-dependent)
« Constrain B* mass, and background shape, from global B* mass fit

« Correct for possible efficiency-dependence on M(J/yo)
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= = = /;_\
Efficiency Correction o

Use MC simulation to assess trigger, reconstruction & selection efficiency versus M(J/yo)
» Assume 3-body phase-space model
« Compare generated and reconstructed distributions

» Ratio gives efficiency dependence

DG MC
+.___+___.+ ; ++++}++++

o

o

[°2)
—h

v
o

—+ Simulated reco
— Full accept & Perfect reco

o
=)
N

> Y
= S
o o
o b=
©0.04 g
2 >
o ©
> )
L o

42 43 44 45 42 43 44 45
M(J/yK'K) (GeV) M(J/yK*K) (GeV)
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= = = /;_\
Efficiency Correction o

Use MC simulation to assess trigger, reconstruction & selection efficiency versus M(J/yo)
» Assume 3-body phase-space model
« Compare generated and reconstructed distributions

» Ratio gives efficiency dependence

DG MC
+.___+___.+ ; ++++}++++

o

o

[°2)
—h

Consistent with constant
Apply bin-by-bin correction

v
o

—+ Simulated reco
— Full accept & Perfect reco

o
=)
N

> Y
= S
o o
o b=
©0.04 g
2 >
o ©
> )
L o

42 43 44 45 42 43 44 45
M(J/yK'K) (GeV) M(J/yK*K) (GeV)
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Building M(J/we) Distribution

-1
17 bins in M(J/yo): D@ Run ll, 10.4 fb™" + Data

o),
o

« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

N(B*) / 30 MeV
N =
o o

42 43. 44 45
M(J/WK*K) (GeV)
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Building M(J/we) Distribution

-
17 bins in M(J/yo): DA Runl, 10.4 fb"" +Data

o),
o

« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

N(B*) / 30 MeV
N =
o (=)

4.1 < MWK'KKY) < 4.14 GeV

42 43 44 45
M(J/VK*K) (GeV)

>
)
=
o
F
S—
)
et
c
o
>
1T

5. 3 54
MJ/VK'KK®) (GeV)
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Building M(J/we) Distribution

17 bins in M(JAyo): DG Run ll, 10.4 fb' +Data

o),
o

« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

N(B*) / 30 MeV
N =
o o

15F 4.14 < M(J/yK'K'K*) < 4.155 GeV

42 43 44 45
M(J/WK*'K) (GeV)

>
)
=
o
F
S—
)
et
c
o
>
1T

5.3 5.4
MJ/vK*K'K*) (GeV)
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Building M(J/we) Distribution

-1
17 bins in M(J/yo): DA Runl, 10.4 fb" +Data

),
o

« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

N(B*) / 30 MeV
N =
o (=)

4.155 < M(J/YK*K'K*) < 4.17 GeV

42 43 44 45
M(J/VK*K) (GeV)

(half-width bin)

>
)
=
o
F
S—
)
et
c
o
>
1T

Clear B* peak at X(4140) region

53 5.4
MJVK'KK?) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

N
o

-k
<

>
@
=
AN
T
[
el
G
2 No significant B* signal

o

53 5.4
M(J/VK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

“—%53 5.4
MJ/vK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

W
o

N
o

-
(=)

>
@
=
AN
T
[
el
G
2 No significant B* signal

53 5.4
MJ/VK'K'K?) (GeV)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

30F 4.26 < M(J/yK*K'K*) < 4.29 GeV

42 43 44 45
M(J/VK*K) (GeV)

N
o

—h

No significant B* signal

>
)
=
o
F
S—
)
et
c
o
>
1T

- 5.4
MJ/VK'KK®) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.29 < M(J/yK*KK*) < 4.32 GeV

w
o

-t
o

>
(«}]
=
N
=20
n
el
o
L|=j Some small B*-like excess

o

5.3 5.4
M(J/VK*K'K*) (GeV)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.32 < M(J/yK*KK*) < 4.35 GeV

42 43. 44 45
M(J/YK*'K) (GeV)

Some small B*-like excess

>
)
=
o
F
S—
)
et
c
o
>
1T

53 5.4
MJ/vK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.35 < M(J/yK*K'K*) < 4.38 GeV

W

42 43 44 45
M(J/VK*K) (GeV)

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

53 5.4
MJ/VK'KK®) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

5.3 54
M(J/VK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.41 < M(J/yK'*KK*) < 4.44 GeV

W

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

5.3 54
M(J/VK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

30F 4.44 < M(J/yK'K'K") < 4.47 GeV

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

5.3 5.4
M(J/vK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.47 < M(J/yK*KK*) < 4.5 GeV

W
(=)

42 43 44 45
M(J/VK*K) (GeV)

-
(=)

No significant B* signal

>
)
=
o
20
)
et
c
o
>
1T

o)

5.3 5.4
M(J/vK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

W

>
Q
=
N
T2
0
el
o
2 No significant B* signal

5.3 54
M(J/VK*K'K*) (GeV)
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17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

4.53 < M(J/yK*KK*) < 4.56 GeV

W

42 43 44 45
M(J/VK*K) (GeV)

No significant B* signal

>
)
=
o
r2
)
et
c
o
>
1T

5.3 5.4
MJ/VK'K'K?) (GeV)

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

77



17 bins in M(J/yo):
« 15 of width 30 MeV

« 2 of width 15 MeV in X(4140)
search region

W
(=]

4.56 < M(J/yK*K'K*) < 4.59 GeV

42 43 44 45
M(J/VK*K) (GeV)

N
(=)

-
(=)

>
)
=
o
F
S—
)
et
c
o
>
1T

No significant B* signal

5.3 5.4
M(J/vK*K'K*) (GeV)
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Clear evidence for peaking structure in
M(J/yKK) distribution near threshold

We interpret this as X(4140)

4.155 < M(J/YK*K'K*) < 4.17 GeV

42 43 44 45
M(J/VK*K) (GeV)

>
)
=
o
F
S—
)
et
c
o
>
1T

Smaller excess, over several bins, at

larger mass — not statistically significant.
5.3 5.4

M(J/VK*K'K*) (GeV)
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Fit Models

Binned y? fit to data
Background-only fit hypothesis:
Use 3-body phase space model

42 43 44 45
MJ/yK*K) (GeV)
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Fit Models

Binned y? fit to data
—Full Fit

Background-only fit hypothesis: - X(4140)
Use 3-body phase space model |

Now add X(4140) signal component:
» Relativistic Breit-Wigner (free width 4_ 43 44 45
and mass) M(J/yK'K') (GeV)

e Convoluted with Gaussian resolution
of width 4 MeV (fixed from
simulation)

Statistical significance:
Ay? = 14.7 for 3 degrees-of-freedom
= 3.1o
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Fit Models

Binned y? fit to data
— Full Fit
Background-only fit hypothesis: -.- X(4140)

Use 3-body phase space model

Now add X(4140) signal component:

 Relativistic Breit-Wigner (free width 4_ 43 44 45
and mass) M(J/yK'K') (GeV)

e Convoluted with Gaussian resolution
of width 4 MeV (fixed from

simulation) N[X(4140)] = 52 + 19 (stat.) events
Measure relative branching N N
fraction to X(4140): $[B —X@E140K'] =[21+8 (stat.) ] %

BB —J/woeK]

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 82



Fit Models

Binned y? fit to data
— Full Fit

Background-only fit hypothesis: - X(4140)
Use 3-body phase space model |

Now add X(4140) signal component:
» Relativistic Breit-Wigner (free width 4_ 43 44 45
and mass) M(J/yK'K') (GeV)

e Convoluted with Gaussian resolution
of width 4 MeV (fixed from
simulation)

M[X(4140)] = 4159.0 + 4.3 (stat.) MeV.

Mass and width:
I'[X(4140)] = 19.9 + 12.6 (stat.) MeV
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Fit Models

Binned y? fit to data
— Full Fit

Background-only fit hypothesis: -~ X(4140)

.- X(4330)

Use 3-body phase space model

Add contribution from second peak:

» Relativistic Breit-Wigner (width fixed oot :
at 30 MeV to allow stable fit) 4-2M( i /‘{I}?(+K-)leéev)4.5

e Convoluted with Gaussian resolution
of width 4 MeV (fixed from

simulation) N[X(4330)] = 47 + 20 (stat.) events

Second peak:

<30 significance M[X(4330)] = 4328.5 = 12.0 (stat.) MeV
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Cross-Checks

—Full Fit
.- X(4140)
-.-X(4330)

Test robustness of peak(s) by repeating Standard method
analysis with different selections /
methods.

1) Different BG parameterization in
B* fits (2" — 3" order
polynomial)

+ Data

— Full Fit
New B* BG fit ui

43 . 4.4
MJIVK'K) (GeV)
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Cross-Checks

Test robustness of peak(s) by repeating
analysis with different selections /
methods.

2) Tighter selection cuts
szax(BJr vertex fit): 20 — 15
ERBE) =2 5Oy L, /o(L,,) > 8

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

— Full Fit

Standard method X(4140)

-.-X(4330)

4 Data
— Full Fit
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Cross-Checks

—Full Fit
.- X(4140)
-.-X(4330)

Test robustness of peak(s) by repeating Standard method
analysis with different selections /
methods.

3) Smaller M(J/yo) bins
17 — 24 bins

D@ Run II, 10.4 fb™ + Data

— Full Fit
Different binning e

43, 44
M(JIyK'K) (GeV)
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Cross-Checks

Test robustness of peak(s) by repeating
analysis with different selections /
methods.

4) Use background-subtracted
distribution (“strategy 1)

In all cases:

« Mass and width of X(4140) are
consistent

» Mass of X(4330) consistent

» Statistical significance of X(4140)
always >3c

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013

— Full Fit
.- X(4140)

-.-X(4330)

Standard method

4 Data
— Full Fit

43 . 44
MJIVK'K) (GeV)
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Systematic Uncertainties __JE

Reasonable variations of fits are performed to establish systematic uncertainties

1) For the M(J/yoK) fits to extract the B* yield:
» Mean B* mass is varied by +£3 MeV
» B* mass resolution is varied by +£3 MeV

« Background model is varied
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Systematic Uncertainties i

Reasonable variations of fits are performed to establish systematic uncertainties

1) For the M(J/yoK) fits to extract the B* yield:
» Mean B* mass is varied by +£3 MeV
» B* mass resolution is varied by £3 MeV

» Background model is varied

2) For the M(J/yo) fits to determine X(4140) parameters:

» Alternative efficiency corrections: either constant efficiency, or twice the
variation observed from MC versus M(J/yo)

 Alternative J/ye mass resolution: 4—10 MeV (only affects X(4140) width)
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Systematic Uncertainties i

Reasonable variations of fits are performed to establish systematic uncertainties

1) For the M(J/yoK) fits to extract the B* yield:
Mass scale & resolution model

* Mean B* mass is varied by £3 MeV tested in-situ using decays:

B .l : 7
B* mass resolution is varied by +3 MeV w(2S) — iy

» Background model is varied X(3872) — Jymtn-

2) For the M(J/yo) fits to determine X(4140) parameters:

» Alternative efficiency corrections: either constant efficiency, or twice the
variation observed from MC versus M(J/yo)

« Alternative J/ye mass resolution: 4—10 MeV (only affects X(4140) width)
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Final Results

We find evidence at >30 significance for the
decay: — Full Fit

-~ X(4140)
B*—>X(4140)K*, X(4140)—J/yo -~ X(4330)

The mass, width, and relative decay branching
fraction are measured to be:

i A
42 43 4.4
MJ/YK'K) (GeV)

M[X(4140)]
= 4159.0 + 4.3 (stat.) + 6.6 (syst.) MeV

4.5

I'[X(4140)]
=19.9+12.6 (stat.) " (syst.) MeV

B[B*—X(4140)K*]
A[B*—JyeK*]

=[21+8 (stat.) £ 4 (syst.) ] %
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Final Results

We find evidence at >30 significance for the
decay: — Full Fit

-~ X(4140)
B*—>X(4140)K*, X(4140)—J/yo -~ X(4330)

The mass, width, and relative decay branching
fraction are measured to be:

!
i
;o
m ""'k"':"“""""""'{" ST
K3 .,

M[X(4140)] 42 43 44 45
= 4159.0 + 4.3 (stat.) 6.6 (syst.) MeV/ MJ/WK'K) (GeV)
I'[X(4140)] The data also accommodate a second
=19.9+12.6 (stat.) *! (syst.) MeV structure with <3 significance at
0 4328.5+ 12.0 MeV
B[B*—X(4140)K*]
B[B*—J/yoeK*] =[21+8 (stat.) £ 4 (syst.) ] %

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013 03



Summary

DO find evidence for narrow resonance
near Jhyo threshold

» Mass slightly higher than CDF,
consistent within 2o

* Width consistent with CDF

» Second higher-mass excess
inconsistent with CDF, consistent
with Belle

Thank-you

Experimental status in the search for X(4140) and additional structures
Significance: 0 <36 B 34 B s

stat.

CDF arXiv:1101.6058 .

CMS ?

Non-observation

Belle arXiv:0912.2383 I

415 . 4.25 4.3 4.35
] B Invariant mass [GeV]

X (4140)

Higher-mass peak

Mark Williams, Fermilab Joint Theoretical-Experimental Seminar, 18 October 2013
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Testing the Mass Scale 4 *

Mass scale and resolution is tested in-situ in data using decays:

y(2S) — Jlyatn } « Measured masses agree with WA values

X(3872) — Jlyatn » Widths are consistent with resolution

expected from simulation

Assign systematic uncertainty by comparing
nominal mass with alternative definition:

Nominal: Constrain J/y mass to PDG value:
M(X) = M(J/WwKK)

~—
~—
~
[2]
-—
C
(]
>
L

Alternative:
Mi(X) = MU KK = M) + M(Jhy)

AM = M(X) — M,;,(X) centered at zero, with
RMS 5.2 MeV assigned as systematic
uncertainty

A M (MeV)
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Mass Resolution 4 *

Test M(J/yo) resolution for X(4140) (from MC) by comparing widths of y(2S) — J/ya*n~
and X(3872) — J/ya*n~ peaks in data and MC

Default resolution chosen in X(4140) fitis 4 X(3872) — Jlyn'n

MeV (from MC)

Apply systematic uncertainty by repeating fits
with X(4140) set at 10 MeV, I.e. the data-
confirmed resolution for the decay y(2S) —
Jyatn~ (which has a larger Q?)

y(2S) — Jlyr*n

_—
>
)
=
S
c
o
';
=
o}
@
@
L
)
)
@
=

No change in mass or significance, but

natural width from fit is slightly reduced. X(4140) — JyK*K~ (MC)

0.1 0.2 0.3 0.4 0.5 0.¢
Q value (GeV)
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Peaking Backgrounds

Events/20 MeV
-9
o

[
(=]
T T

Examine sideband-subtracted M(KKK)
distribution to look for additional peaking >
backgrounds:

[
(=]
T T

Repeat searches for intermediate J/y n*(K*)
resonances, with background contributions
removed by sideband subtraction.

F DO Run I, 10.4 fb” 40

H

N
(=]

Events /20 MeV
Events /20 MeV

o
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CDF Run Il Preliminary

—
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Global Comparison

CDF, CMS, DO all see excess consistent with X(4140)
Belle, LHCb see nothing (LHCb set limit)
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CDF Run Il Preliminary

—

w b oo ~N®OO

Global Comparison

CDF, CMS, DO all see excess consistent with X(4140)
Belle, LHCb see nothing (LHCb set limit)

[ HH HWHH

CDF Note 10244 (July 2010)
[previous result: PRL 102 24 2002 (2009)
arXiv:0903.2229]

D

Candidates per 10 MeV/c?

D@ Run I, 10.4 fb' +Data (C)
—Full Fit
-~ X(4140)
-- X(4330)

:_Y(4 140) H 4 - PHSP

E ‘|. ——] . | — :_'-: :‘
Preliminary result 3 x .

e.g. arXiv:0910:3138 (November 2009) e
TROIT P (e vVIC ) arX|V:1309.6580 (September 2013)
' ' Submitted to PRD

AN

@)
-~
>

]
=
T}
N
~

n
2
s

c
Ll

o N A~ OO o

- LHCb
+ + -1

L B, Jiyo K MS, (5=7TeV. L5267
—+— Data

Global fit
Three-body PS (global fit)
. +1¢ uncertainty band J
. — — Event-mixing (J/y, 0, K")
L ---- Event-mixing (JAy, 0 K*) 7

(9]

o

Candidates / 4 MeV

PRD 85 091103 (RC) (2012)
arXiv:1202:5087 (February 2012)

F‘N‘!.lIlllll“llll‘l‘llll‘l‘l

CMS Note BPH-11-026 (Oct 2013)
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Combinations

Simple combination of search results:
X (4140):

Mean mass: 4146 + 8 MeV

v? of combination: 3.8/2

p-value: 0.15

4130 4140 4150 4160 4170 4180

Experimental status in the search for X(4140) and additional structures
Significance: [lY <3¢ B s B s

stat.

OCT 2013

D@ arXiv:1309.6580

CDF arXiv:1101.6058 .

CMS arXiv:1309.6920

4.25 4.3 4.35
Invariant mass [GeV]
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Combinations

Simple combination of search results:

Higher-mass peak:
Mean mass: 4327 + 4 MeV
v?> of combination: 60/3

p-value: < 0.0001

4300

Experimental status in the search for X(4140) and additional structures
Significance: [lY <3¢ B s B s

stat.
OCT 2013
D@ arXiv:1309.6580

CDF arXiv:1101.6058

CMS arXiv:1309.6920

4.3 4.35
Invariant mass [GeV]
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